Radiation workers at Atomic Weapons Establishment (AWE) are monitored for uranium exposure by routine bioassay sampling ( primarily urine sampling). However, the interpretation of uranium in urine and faecal results in terms of occupational intakes is difficult because of the presence of uranium due to intakes from environmental (dietary) sources. For uranium in urine data obtained using current analytical techniques at AWE, the mean, median and standard deviation of excreted uranium concentrations were 0.006, 0.002 and 0.012 mg per g creatinine, respectively. These values are consistent with what might be expected from local dietary intakes and the knowledge that occupational exposures at AWE are likely to be very low. However, some samples do exceed derived investigation levels (DILs), which have been set up taking account of the likely contribution from environmental sources. We investigate how the activity and isotopic composition of uranium in the diet affects the sensitivity of uranium in urine monitoring for occupational exposures. We conclude that DILs based on both total uranium in urine activity and also 234 U: 238 U ratios are useful given the likely variation in dietary contribution for AWE workers. Assuming a background excretion rate and that the enrichment of the likely exposure is known, it is possible to assess exposures using 234 U: 238 U ratios and/or total uranium activity. The health implications of internalised uranium, enriched to <5 -8 % by mass 235 U, centre on its nephrotoxicity; the DILs for bioassay samples at AWE are an order of magnitude below the conservative recommendations made by the literature.
INTRODUCTION
The Atomic Weapons Establishment (AWE) has since its inception been responsible for maintaining the UK's nuclear deterrent. This leads to the interaction of personnel on site with nuclear materials including both depleted and enriched uranium. Workers with the potential for exposure to such materials have routine uranium in urine monitoring conducted for exposure assessment purposes. However, the interpretation of uranium in urine results is complicated by the background excretion of uranium arising from environmental (dietary) intakes. The levels (known as derived investigation levels, DILs) of uranium in urine at which investigations are carried out are determined mainly by the need to exclude results due to environmental intakes.
This paper outlines the current DILs used at AWE, for total uranium in urine activity and the 234 U:
238 U activity ratio. It looks at the sensitivity of total uranium activity and the 234 U: 238 U activity ratio in detecting occupational intakes. It also investigates the consequences of variation in environmental intakes to the interpretation of results.
URANIUM IN URINE MONITORING
The current monitoring programme for urinary uranium content consists of a 1-l urine sample being collected over a number of days on either a quarterly or a annual basis dependent on the nature of the work being performed; post-incident sampling and positive results require additional faecal and urine samples for analysis.
Urine samples are prepared by acid digestion and ion-exchange chromatography prior to the uranium in the sample being electrodeposited onto a mirror polished stainless steel disc. The uranium activity is determined by alpha spectrometry, counting for a set period of time and applying a background deduction (1, 2) . The uranium activity in the sample is normalised to a daily excretion rate on the basis of the creatinine concentration in the sample and assuming a daily creatinine excretion of 1700 mg in men and 1000 mg in women (3) . The ongoing sampling at AWE for uranium has resulted in the collection of a large data set of uranium bioassay information. The vast majority of samples can be seen as representative of the uranium found within the diet of the monitored staff. Although occupational intakes via ingestion cannot reasonably be ruled out, wound intakes are followed up by additional faecal and urine sampling, and personal air-sampling measurements indicate that occupational exposures very rarely occur. A summary of the data collected since 2003 is presented in Table 1 .
The DIL for total uranium activity in urine is set at 2.5 mBq d
21 . This level was chosen as it would exclude most results due to exposures from environmental (dietary) intakes. In the case of samples that are above the limit, it is still only indicative of a potential occupational exposure as certain foodstuffs consumed the day preceding sample collection could lead to increased uranium content in the sample. U activity ratios are dependent on the level of enrichment or depletion, it is generally not possible to detect the levels of 235 U present in a urine sample using alpha spectrometry and so this cannot be used to identify an occupational exposure. The 234 U and 238 U isotopes provide the majority of a sample's activity and their ratio in the environment varies within a reasonably well defined range. This makes them suitable to determine whether a samples elevated activity is from occupational or natural causes (2) . Limited information on the 234 U: 238 U activity ratio for urine is available. The mean urinary and faecal excretion ratios observed by Spencer et al. (4) were 1.7+2.0 and 1.4+0.7, respectively. Four personnel at the Environmental Measurements Laboratory, New York, had 234 U and 238 U activities in urine of 0.077 and 0.070 mBq d 21 , respectively, giving a 234 U: 238 U activity ratio of 1.1. These results are largely similar to the mean observed isotopic activity ratio for 234 U: 238 U seen in faecal samples at AWE of 1.3 with an SD of 0.3.
The DIL for the 234 U: 238 U activity ratio in urine is set to ,0.5 or .5 in order to detect potential exposures to depleted or enriched uranium but exclude variations arising from environmental intakes.
ASSESSING OCCUPATIONAL EXPOSURES
At AWE, processing of uranium is performed in ventilated environments in order to minimise exposures. However, intakes could potentially occur by inhalation, ingestion or via wounds. For the purposes of modelling the effect of intakes on excreted activity, it is assumed that an intake by inhalation of uranium oxide or octoxide is the most likely occupational exposure event. It is also assumed that the intake occurs at the mid-point of a 90-d monitoring period. The effect of occupational exposures on urinary uranium excretion will be in addition to excretion due to environmental (dietary) intakes. This background excretion rate was taken to be a constant value.
The absorption, distribution and excretion of uranium following intakes by inhalation were modelled using ICRP biokinetic models, as implemented by the software package Integrated Modules for Bioassay Analysis (IMBA). Doses from intakes were also calculated using IMBA.
Uranium dioxide and uranium octoxide are assigned to default lung solubility Type S (5) . However, a review by NRPB indicated that the lung solubility of these materials was likely to lie between Type S and Type M (6) . On this basis, we have chosen the lung solubility parameter values that are an average of the uranium dioxide and the octoxide values reported in the NRPB review, viz. f r ¼ 0.03, s r ¼ 1 and s s ¼ 5Â10
24
. The f 1 value was assumed to be 0.02. Assuming these lung and gut absorption parameter values, the inhalation of 26.6 Bq of uranium would result in a 1-mBq increase in uranium in the urine after a period of 45 d. Effective dose coefficients for the inhalation of uranium of known enrichments were modelled and are summarised in Table 2 .
Occupational exposures to uranium at AWE are likely to come from either depleted or enriched uranium rather than natural uranium. In order to estimate the effect that exposures may have on the relative activities of 234 U and 238 U in urine and the related DIL, it is necessary to have information on the relative activities of 234 U and 238 U in the exposure material. The relative activities of 234 U and 235 U in uranium of varying degrees of enrichment 
Here, a is defined as log( 235 U(weight %)). This activity ratio was used to determine the 234 U: 235 U mass ratio. The 234 U: 238 U activity ratio for any level of enrichment could then be determined by assuming the remaining mass was contributed by 238 U. The 234 U: 238 U activity ratio seen in urinary samples should be altered in a manner described by Equation (2) The effect of an occupational intake of uranium on the observed 234 U: 238 U activity ratio in the urine is shown in Figure 1 . In both Figures 1 and 2 , it has been assumed that an acute intake of uranium at the midpoint of the 90-d sampling period has occurred to a worker excreting the mean value of daily urinary uranium activity of 0.24 mBq d 21 , due to diet; the dotted lines represent the standard deviation in the dietary 234 U: 238 U activity ratio (+0.3). The horizontal DIL lines are those of the activity ratio investigation limit. The vertical DIL line is where the inhaled quantity of uranium will-in combination with dietary excretions-result in the total activity investigation limit being met.
The inhalation of identical activities of varying enrichments, and thus isotopic compositions, of uranium leads to very different urinary 234 U: 238 U activity ratios. The 234 U: 238 U activity ratio seen in the urine becomes asymptotic when approaching the ratio seen within the exposure. Uranium which is depleted or enriched to 0.43 and 2.94 % 235 U by mass has a 234 U: 238 U ratio corresponding to 0.5 and 5, respectively; exposure to uranium which is depleted or enriched to between these values cannot exceed the activity ratio DILs but is still limited by the total activity DIL.
Using the proportionality between inhaled uranium and uranium seen in urine in combination with the relevant dose coefficients given by IMBA; the quantity of inhaled uranium in Figure 1 was converted to dose received from the inhaled uranium ( Figure 2 ).
For this method to be of practical application, the exposure enrichment must be known; as, e.g. a 234 U:
238 U activity ratio of 5.5 corresponds to doses of both 0.05 mSv for a 95 % enrichment exposure and 0.15 mSv for a 5 % enrichment exposure. In this way, doses can be estimated from the isotopic composition of a urine sample. The 2.5 mBq d 21 DIL line is the point at which the exposure, in conjunction with dietary excretions, meets the total urinary uranium DIL and was derived from the difference between the total activity DIL and the total dietary activity (the 5 % enriched dose coefficient was applied to convert this to Figure 2) . Figure 3 was derived in the same manner to that of Figure 2 ; however, the urinary uranium concentration was taken to be the 95th percentile of excretion of 1.00 mBq d
21
. The increased dietary excretions mean that larger exposures are required to change the isotopic ratio of the sample. A secondary Figure 1 . Change in the urinary 234 U: 238 U activity ratio with respect to inhaled quantity of specified uranium composition assuming mean dietary excretions. Figure 2 . Change in the urinary 234 U: 238 U activity ratio with respect to dose received from inhaled specified uranium composition assuming mean dietary excretions.
ASSESSMENT OF URANIUM EXPOSURE effect of increased dietary excretions is that the total activity level DIL is exceeded at smaller occupational exposures ( 0.2 mSv).
DISCUSSION
On the basis of the scenarios used here, the current activity ratio DILs ensure automatic investigation of occupational doses, due to inhalation, exceeding 0.15 mSv for the mean dietary excretions of uranium (0.24 mBq d
21
). At the 95th percentile of dietary excretions, significant confounding of the activity ratio in the urine is seen; this significantly reduces the sensitivity of the activity ratio DIL. In this instance, the activity threshold DIL is exceeded more easily and would result in investigation at an occupational dose of just under 0.2 mSv.
It should be noted that idealised intake regimes have been modelled and that both dietary and occupational intakes are likely to be more irregular.
The chemical nature of uranium in the body means that the nephrotoxic effects of uranium enriched to ,5-8 % 235 U by mass are of greater concern than the radiological effects (8) . Approximately 8 % of uranium absorbed by the body is deposited in the kidneys where solubility plays a key role in the amount of damage done to the kidneys (9, 10) . A level of 3 mg of uranium per g of kidney was historically seen as tolerable without resulting in a significant long-lasting damage, based on data from humans injected with uranium experimentally or exposed to uranium occupationally (11) . R. W. Leggett recommended a tolerable limit an order of magnitude lower until more was known on the long-term implications of uranium exposure (11) . The physical quantity required to reach the DILs is reliant on the specific activity of the exposure.
Depleted uranium has the lowest specific activity being 14.8 Bq mg 21 thus requiring the largest physical mass for a given activity. The inhalation of 70 Bq (the upper end of Figure 1 ) equates to ,10 mg of depleted uranium; the literature implies that nephrotoxic effects are unlikely from exposures of this scale as this is a factor of five smaller than the conservative estimates of Leggett (11) . Thus nephrotoxic effects should not be seen by AWE staff that are below the DILs.
CONCLUSIONS
This paper found that the urinary excretion of uranium of AWE workers varies significantly according to the dietary habits. This comes from the combination of the uranium content of both foodstuffs and drinking water. Breads, meats, fish and mineral waters are responsible for the highest concentrations of uranium within the UK diet; thus an increased intake of these respective articles would lead to increased ingestion and subsequent excretion of uranium.
The fluctuation of the 234 U: 238 U activity ratio in the diet and excreta tends to lie between 1.3 and 1.4 (4, 12, 13) . The ratio seen in AWE staff data was in agreement with this being 1.3+0.3. Bottled mineral waters in the UK were the only dietary source found to provide large variations in the 234 U: 238 U activity ratio with a minimum, mean and maximum of 1.0, 2.6 and 6.2 respectively (14) . Persons consuming exceptional quantities of mineral water could thus be expected to have an altered isotopic ratio.
Dose estimates from occupational exposures were made on the assumption of an acute inhalation at the mid point of the sampling period; inhalation is the most likely exposure pathway and contributes a larger dose for a given activity of uranium than ingestion.
The dose sensitivity of the current total uranium activity or the 234 U: 238 U activity ratio DILs are suitable for sub-mSv levels; a maximum dose of 0.2 mSv per quarter can be obtained before exceeding a DIL. In general, dietary uranium excretion is very low; this means that the 234 U: 238 U activity ratio DILs will be exceeded by smaller intakes and lead to investigation at doses below this. This implies that any potential 'missed' doses from occupational intakes are ,1 mSv y 21 based on quarterly urine monitoring. The use of ICP-MS is currently under investigation at AWE to broaden and potentially enhance measurement capability. This paper concludes that the dietary contribution of uranium has a concentration and a 234 U: 238 U activity ratio which should remain within the DILs and provides a method for dose assessment from deviations in the 234 U: 238 U activity ratio. 238 U activity ratio with respect to dose received from inhaled specified uranium composition assuming 95th percentile dietary excretions.
